C rystal meth (methamphetamine hydrochloride, "ice," "Tina") is a smokable, crystalline solid form of methamphetamine, a stimulant that is used for recreational purposes.
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Apart from the generic risks associated with all forms of methamphetamine, the special public health concern with crystal meth is that this form can cause more overall harm to the public than other forms, 1,2 because it rapidly achieves a high drug concentration with a correspondingly high potential for drug addiction and other toxicities.
Therapeutic uses of methamphetamine and amphetamine
Although methamphetamine can be abused, one must appreciate that oral forms of methamphetamine and amphetamine are also used for therapeutic purposes. Methamphetamine and its metabolite amphetamine are structurally related, differing only by the presence of a methyl group (Figure 1) . 3 Oral methamphetamine (Desoxyn, OVATION Pharmaceuticals) is approved in the United States for the treatment of attentiondeficit hyperactivity disorder in children and for the shortterm treatment of obesity. In Canada, amphetamine is the active ingredient in several oral medications (Adderall XR [Shire BioChem Inc.], Dexedrine [GlaxoSmithKline] ) approved for the management of attention-deficit hyperactivity disorder.
4,5
Methamphetamine and amphetamine have the same mechanism of action; both cause the release of monoamine neurotransmitters and both cause the same characteristic peripheral and central stimulant behavioural effects. 6, 7 In a study that directly compared the effects of methamphetamine and amphetamine in humans, the behavioural consequences and potencies of the drugs were similar. 6 However, some differences between the 2 drugs cannot be excluded.
Because amphetamines are used for both therapeutic and recreational purposes, physicians and public health officials who advise the public about the risks of amphetamines need to acknowledge and distinguish carefully between the potential toxicity of therapeutic and recreational amphetamine use. For example, they must distinguish between the use of therapeutically effective slowonset (e.g., 20-60 minutes) oral forms of amphetamines among medically screened patients (e.g., those with cardiac abnormalities) and the use of very fast-onset (e.g., seconds to minutes 8, 9 ) smokable forms of methamphetamine among unsupervised crystal meth users.
A typical daily dose of oral methamphetamine for the treatment of attention-deficit hyperactivity disorder in children is 20-25 mg. 10 The dose of Adderall XR (a mixture of amphetamine salts) used for long-term treatment of attention-deficit hyperactivity disorder commonly ranges from 5 mg to 30 mg, which can result in peak plasma d-amphetamine levels of about 10-110 ng/mL.
11 A single dose (the amount in a smoking pipe) of crystal meth sufficient to cause a "significant rush" has been reported to be about 40-60 mg; 8, 9 however, the actual dose is highly influenced by the pipe temperature, smoking technique, number of puffs and drug tolerance (those with a higher tolerance require higher 
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Crystal meth is a form of the stimulant drug methamphetamine that, when smoked, can rapidly achieve high concentrations in the brain. Methamphetamine causes the release of the neurotransmitters dopamine, norepinephrine and serotonin and activates the cardiovascular and central nervous systems. The levels of dopamine are low in the brain of some drug users, but whether this represents neuronal loss is uncertain. The areas of the brain involved in methamphetamine addiction are unknown but probably include the dopamine-rich striatum and regions that interact with the striatum. There is no medication approved for the treatment of relapses of methamphetamine addiction; however, potential therapeutic agents targeted to dopamine and nondopamine (e.g., opioid) systems are in clinical testing. Review doses). In addition, it is common for crystal meth users to take repeated doses of the drug (binge), which results in much higher drug levels. In a prospective investigation, a single 30 mg dose of crystal meth was associated with peak plasma levels of about 50 ng/mL. 8 However, in a recent "reallife" study of unsupervised recreational methamphetamine users as part of a police investigation, blood levels ranged from from 15 ng/mL to 1600 ng/mL (median 190 ng/mL).
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Pharmacologic actions of methamphetamine
The typical acute behavioural effects of methamphetamine include feelings of alertness, wakefulness, energy, wellbeing, euphoria (at high doses) and suppression of appetite. Methamphetamine also activates the cardiovascular system (increased heart rate and blood pressure) and, for this reason, can cause death at high doses.
13
In the brain, a primary action of methamphetamine is to elevate the levels of extracellular monoamine neurotransmitters (dopamine, serotonin, norepinephrine) by promoting their release from the nerve endings.
14 We do not completely understand how methamphetamine causes neurotransmitter release, but it appears to involve redistribution of neurotransmitters from synaptic vesicles (via the vesicular monoamine transporter VMAT2) to the neuronal cytoplasm and the reverse transport of neurotransmitters through the plasma membrane transporter into the extracellular space. 3 The cardiovascular activation caused by methamphetamine is likely explained in large part by the release of norepinephrine from sympathetic nerve endings. 15 The mechanism of the alerting action and of the efficacy of amphetamines in treatment of attention-deficit hyperactivity disorder is unknown, but it probably involves, at least in part, activation of the brain noradrenergic neurotransmitter system. (Note that the selective norepinephrine transporter blocker atomoxetine has some efficacy in the treatment of attention-deficit hyperactivity disorder.
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)
Is there a role for dopamine in methamphetamine-craving?
Despite much research data from animals in the literature, 17 the areas of the human brain and the key neurochemicals that are responsible for the pleasurable effects of methamphetamine and for the transition from drug-liking to drug-craving are still unknown. In part, this is because of the lack of definitive data from brain lesion or deep brain stimulation studies proving that inactivation of a specific brain region influences addictive behaviour in people. There is, however, ample evidence from imaging studies of the human brain that suggest that methamphetamine increases the release of dopamine in the dopamine-rich subdivisions of the striatum (Figure 2) , namely, the caudate, putamen and the ventral striatum. 18 The latter area, which includes the nucleus accumbens, is a region of much interest in the study of addictions. In this regard, some preliminary neurosurgical data, which will require confirmation, suggest that lesion of the nucleus accumbens in people addicted to opiate drugs might decrease relapse in some drug users. 19 In the autopsied brains of recreational methamphetamine users, we found low levels of striatal dopamine, which suggest that the doses of methamphetamine taken by recreational users are sufficient to cause depletion of this neurotransmitter. 20 Low dopamine levels could explain, in part, some of the unpleasant feelings during methamphetamine withdrawal and aspects of cognitive impairment.
Previously, dopamine in the ventral portion of the striatum (Figure 2 ) was considered to be the "pleasure" neurotransmitter involved in the action of all abused drugs. 17, 21, 22 However, clinical findings suggest that drugs that block the dopamine receptor do not block methamphetamine "liking." The dopamine story continues to evolve, with dopamine now viewed by some as a chemical involved in the motivational "wanting" aspect of drug-taking behaviour. 23 Preliminary data show that opioid-receptor antagonists (naloxone, naltrexone) partially block some of the effects (drug-liking, arousal, craving 24 ) of amphetamine in amphetamine-dependent people. This suggests that some of the clinically relevant actions of amphetamines are mediated by release of an endogenous opioid peptide. It is also likely that the neuronal circuitry that mediates drug-seeking behaviour includes structures and other neurotransmitter systems that interact with the dopamine-rich striatum. This might include, for example, the cerebral (especially the prefrontal and orbitofrontal) cortex, which provides glutamatergic input to striatum and the globus pallidus subdivisions and the ventral pallidum, which are innervated by striatal GABAergic and peptidergic (e.g., dynorphin, neurotensin) neurons.
25
The mechanism explaining the transition from methamphetamine-liking to intense compulsive wanting (addiction) continues to be debated, but it could involve a "pathological learning" process in which dopamine facilitates learning.
26,27
Does methamphetamine cause brain damage?
Through imaging studies, a variety of structural changes have been found in the brain of some methamphetamine users. 28 However, the data are still too preliminary to answer the question of whether a specific pattern of brain abnormality is characteristic of chronic methamphetamine exposure.
Data from animals show that a high dose of methamphetamine damages striatal dopamine nerve terminals, 29 and it is reasonable to expect from the experimental findings that such damage would also occur in people exposed to some dose of the drug. 20, 30 The consistent findings from animals have raised the public health concern that chronic methamphetamine exposure might damage nigrostriatal dopamine neurons to the extent that parkinsonism would develop in later life. However, there is no evidence for dopamine nerve terminal damage in humans who take therapeutic doses of amphetamines (e.g., for attention-deficit hyperactivity disorder), although this possibility has been raised as a specific concern.
30 In contrast, some recreational methamphetamine users show modestly decreased levels of the dopamine transporter, a marker of dopamine nerve terminals, in the striatum. 20 Whether this represents actual loss of dopamine nerve terminals or has clinical consequences continues to be debated.
Treatment of methamphetamine addiction
There are currently no medications approved by Health Canada for the treatment of of methamphetamine addiction (Dr. Cathy Peterson, Health Canada, Ottawa, Ont.: personal communication, 2008). Current treatments to prevent relapse include psychosocial approaches. 31 It is probably not realistic to expect that a single medication will have high efficacy in preventing drug relapse in the majority of methamphetamine users. It can even be expected that in this chronic condition, the "memories" of addiction might be "hard-wired" and involve actual structural changes to brain neurons (e.g., in dendritic spine density) that make the addiction resistant to therapeutic intervention.
32
Nevertheless, there is room for optimism that new medications can be developed that act on diverse targets and assist some drug users to maintain abstinence. This is suggested by the very preliminary findings that bupropion (which has dopaminergic and nondopaminergic actions) and the opioid-receptor antagonist naltrexone can influence Figure 2 : Schematic diagram of the human dopamine-rich striatum, which is made up of the caudate nucleus, putamen and ventral striatum (left), and a striatal dopamine nerve ending (right). This coronal slice is taken at the rostral tip of the anterior commissure. Methamphetamine causes dopamine release from the nerve endings. The areas of the brain responsible for methamphetamine-liking and craving are unknown but probably include the striatum and regions that provide input to the striatum. Normally, dopamine released into the synapse is taken back up into the nerve ending by the dopamine transporter and is transported into the synaptic vesicle by the vesicular monoamine transporter 2. Methamphetamine causes the release of striatal dopamine from the nerve ending into the synapse. This likely involves the translocation of dopamine from the synaptic vesicle to the neuronal cytoplasm via the vesicular monoamine transporter 2 and the reverse transport of dopamine from the cytoplasm into the synapse via the dopamine transporter.
Lianne Friesen and Nicholas Woolridge aspects of amphetamine cravings. 24, 33 More generally, the efficacy of varenicline for tobacco cessation provides hope that a therapeutic approach that uses a partial agonist (a single compound having both agonist and antagonist properties) might be helpful in treating other addictions. 34 It has also been proposed that "drug substitution therapy" (low dose oral amphetamine) might be useful in treatment of methamphetamine addiction and some very preliminary data, requiring confirmation, support this possibility. 35 However, there is significant concern with the use of an abused drug for the treatment of stimulant addiction. Because some drug rehabilitation centres suggest that cognitive impairment decreases the likelihood of retention in drug rehabilitation programs, 20 other strategies that might be considered include the use of cognitive-enhancing agents during methamphetamine withdrawal and the use of deep brain stimulation 36, 37 aimed at reversible inactivation of brain areas suspected of being involved in drug addiction and relapse.
Finally, it is important to be aware of medications that might not be effective in the treatment of methamphetamine addiction or that might worsen the condition. Data from a recent clinical trial evaluating efficacy of the antidepressant sertraline (Zoloft, Pfizer Canada) in abstinent methamphetamine users suggest that this selective serotonin reuptake inhibitor is not effective in reducing methamphetamine relapse and might even decrease the likelihood of maintaining abstinence.
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Research into the pharmacologic treatment of methamphetamine addiction has largely been limited to studies in animals. Surprisingly, there are very limited data from clinical trials of new therapies to prevent methamphetamine addiction relapse. 24, 33 Although animal studies are essential to the development of new medications, given the public health importance of this worldwide problem and the existence of potential drug targets, it is obvious that the very slow pace of clinical testing of new therapies in methamphetamine addiction needs to be accelerated.
